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Abstract 

The increased participation of children and adolescents in organized sports worldwide is a welcome trend given 
evidence of lower physical fitness and increased prevalence of overweight in this population. However, the 
increased sports activity of children from an early age and continued through the years of growth, against a 
background of their unique vulnerability to injury, gives rise to concern about the risk and severity of injury. Three 
types of injury-anterior cruciate ligament (ACL) injury, concussion, and physeal injury - are considered potentially 
serious given their frequency, potential for adverse long-term health outcomes, and escalating healthcare costs. 
Concussion is probably the hottest topic in sports injury currently with voracious media coverage and exploding 
research interest. Given the negative cognitive effects of concussion, it has the potential to have a great impact on 
children and adolescents during their formative years and potentially impair school achievement and, if concussion 
management is not managed appropriately, there can be long term negative impact on cognitive development 
and ability to resume sports participation. Sudden and gradual onset physeal injury is a unique injury to the 
pediatric population which can adversely affect growth if not managed correctly. Although data are lacking, the 
frequency of stress-related physeal injury appears to be increasing. If mismanaged, physeal injuries can also lead to 
long-term complications which could negatively affect ability to participate in sports. Management of ACL injuries is 
an area of controversy and if not managed appropriately, can affect long-term growth and recovery as well as the 
ability to participate in sports. This article considers the young athlete's vulnerability to injury, with special reference 
to ACL injury, concussion, and physeal injury, and reviews current research on epidemiology, diagnosis, treatment, 
and prevention of these injury types. This article is intended as an overview of these injury types for medical 
students, healthcare professionals and researchers. 
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Introduction 

Participation of children and adolescents aged 5-18 years 
in organized sports is increasingly popular and widespread 
in Western countries. It is not uncommon for teens to 
train 20 or more hours each week at regional training 
centers, or for youngsters as young as six to eight to 
play organized sports and travel with select teams to 
compete against other teams of similar caliber [1]. Regular 
physical activity during childhood and adolescence im- 
proves overall health and fitness and reduces risk for 
many chronic diseases [2]. While physical activity prevents 
all-cause morbidity associated with a sedentary lifestyle, 
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injuries can become a barrier to participation in physical 
activity [3]. 

The increased involvement of children and adolescents 
in organized sports beginning at an early age raises con- 
cern regarding risk and severity of sport injury. Inevitably, 
with increased participation and training come increasing 
numbers of sports injuries. Sports and recreational injuries 
are the leading cause of injury in youth in many countries 
[3]. Three types of youth sports injury-anterior cruciate 
ligament (ACL) injury, concussion, and physeal injury-are 
the focus of much recent media and scholarly attention 
given their frequency, potential for adverse long-term 
health outcomes, and escalating healthcare costs [4-7]. If 
not managed appropriately, they can also lead to long 
term complications which could negatively affect ability to 
continue to participate in exercise and sports as well as 
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threaten general health maintenance and contribute to 
obesity [8]. For example, more than 50% of patients show 
early signs of irreversible osteoarthritis within 10 years of 
ACL reconstruction [9]. 

Concussion is probably the hottest topic in sports in- 
jury currently [5,10] with voracious media coverage and 
exploding research interest. Given the negative cognitive 
effects of concussion, it has the potential to have a great 
impact on children and adolescents during their formative 
years and potentially impair school achievement and, if 
concussion management is not managed appropriately, 
there can be long term negative impact on cognitive de- 
velopment and ability to resume sports participation. 
Sudden and gradual onset growth plate injury is a unique 
injury to the pediatric population which can adversely 
affect growth if not managed correctly [6]. Although data 
are lacking, overuse injury of the physis is believed to be a 
growing problem among young athletes [11]. If misman- 
aged, epiphyseal injuries can also lead to long-term 
complications which could negatively affect ability to 
participate in sports [12]. Management of ACL injur- 
ies is an area of controversy and if not managed ap- 
propriately, can affect long-term growth and recovery 
as well as the ability to participate in sports [13]. 

This article considers the vulnerability of children and 
youth to injury, three types of injuries sustained by 
pediatric athletes which have the potential for long-term 
negative impact if not managed appropriately - ACL in- 
juries, concussions, and growth plate injuries - and dis- 
cusses the epidemiology, diagnosis, treatment, and 
prevention of these injury types. This article is intended 
as an overview of these injury types for medical stu- 
dents, healthcare professionals and researchers. 

Epidemiology 

Analysis of youth sport injury studies indicates that most 
injuries involve the knee and ankle [14]. For example, in 
a representative sample of 100 United States high 
schools involved in 9 sports during 2005-2007, ankle in- 
jury was most common (20.9%), followed by the knee 
(15.2%) [15]. However, the knee was the most common 
severely injured (more than 21 days' time loss) location 
(29%), accounting for 44.6% of all surgeries [16]. The 
most common knee injuries were ligament tears (45.4%), 
contusions (15.2%), and torn menisci (8.0%) [16]. A 
focus on ACL injuries is important, as these injuries may 
increase the risk of osteoarthritis in the future [12]. Not- 
ably, among 102 Swedish female soccer players injured 
before the age of 20 years, the prevalence of radio- 
graphic OA was 51% compared with 8% in the uninjured 
knee, 12 years later [17]. 

Although gridiron football was associated with the 
highest rate of ACL injuries among high school athletes, 
of particular interest are the higher rates of ACL injury 



seen in adolescent female athletes compared to males in 
sports like soccer, basketball and baseball/softball [4]. 
For example, Rechel et al. [18] reported that U.S. high 
school girls sustained more than twice as many complete 
ligament sprains than boys. 

As a result of their frequency of occurrence and po- 
tential for catastrophic injury, pediatric concussions are 
viewed as a public health concern [19,20]. It is estimated 
that as many as 3.8 million concussions occur in the US 
per year during competitive sports; however, as many as 
50% of concussions may go unreported [10]. More than 
250,000 patients aged 8-19 years presented to emer- 
gency departments in the U.S. for sport-related concus- 
sions between 2001 and 2005 [21]. Gesell et al. [22], 
using data from the High School Reporting Information 
Online (RIO), reported that concussions represented 
8.9%, or almost one out of ten of all high school injuries. 
A Canadian emergency department (ED) study of head 
injuries involving five EDs in Edmonton, Alberta found 
that the majority of sport-related head injuries occurred 
to individuals less than 20 years of age (66%). It also 
found that 53.4% of head injuries in children 10-14 
years of age were sport-related [23]. 

Incidence rates for U.S. high school concussions dur- 
ing the 2008-2010 years were estimated to be 2.5 per 
10,000 Athletic-Exposures (AEs) [24]. Football had the 
highest concussion rate (6.4), followed by boys ice 
hockey (5.4) and lacrosse (4.0). In gender comparable 
sports, girls had a higher concussion rate (1.7) than boys 
(1.0). 

Physeal injuries account for between 15% and 30% of 
all emergency room skeletal injuries in children [25]. A 
systematic review of the case series literature on growth 
plate injuries revealed that 38.3% of 826 acute cases were 
sport-related, and among these 45 (14.2%) were associ- 
ated with some degree of growth disturbance [6]. These 
injuries occur in a variety of sports, although gridiron 
football is most often reported [6]. 

Most cohort studies reporting on the nature and inci- 
dence of pediatric sports injuries do not specify the fre- 
quency or severity of physeal fractures. Among cohort 
studies which do report acute physeal injuries, a range 
of from 1 to 30 percent of injuries are reported as phy- 
seal fractures [6]. Tabulation of the number of injuries 
(n = 3762) and number of acute physeal injuries (n = 
536) in these studies reveals that 14.3% of all injuries 
were acute physeal injuries. However, these studies re- 
port injuries as a percentage of all injuries and do not 
provide incidence data based on participant exposure. 
Thus, knowledge of the incidence rate of acute physeal 
injuries is lacking and awaits the results of cohort stud- 
ies where exposure data is meticulously monitored. 

Although incidence data are lacking, there is evidence 
of the existence of stress-related physeal injury affecting 
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young athletes participating in a variety of sports includ- 
ing baseball (proximal humerus), basketball (distal femur/ 
proximal tibia) climbing (phalanages), distance running 
(proximal tibia, first metatarsal growth plate), rugby (prox- 
imal tibia), gymnastics (clavicle, distal radius, proximal hu- 
merus), soccer (distal tibia/fibula), and tennis (proximal 
tibia) [6]. Most of these injuries resolved without growth 
complication during short-term follow-up. However, there 
are also reports of partial and complete epiphyseal clos- 
ure in athletes representing basketball, baseball, dance, 
gymnastics, football, rugby and tennis [26-34]. These data 
are consistent with results from animal studies where 
prolonged intense physical training may precipitate patho- 
logical changes in the physis and, in extreme cases, pro- 
duce growth disturbance [6]. 

Vulnerability to injury 

The young athlete may be particularly vulnerable to sport 
injury because of the physical and physiological processes 
of growth. Injury risk factors unique to the young athlete 
and related to the three injury types considered in the 
present article include growth plate vulnerability, possible 
differences between biological and chronological age, the 
adolescent growth spurt, and differential growth [35]. 
Young athletes might also be at increased risk of injury be- 
cause of immature or underdeveloped coordination, skills, 
and perception [36]. 

Growth plate vulnerability 

Skeletally immature athletes are at risk for unique injur- 
ies not seen in adults, including growth plate fractures, 
apophysitis, apophyseal avulsion fractures, and green- 
stick fractures [35,37]. These unique injuries result from 
differences in the structure of growing bone compared 
to mature adult bone. 

The differences between growing bone and mature 
bone include vulnerability of growth plates to shearing 
injury (at the epiphyseal-metaphyseal junction) resulting 
in growth plate fractures; vulnerability of apophyses to 
traction and strong muscle contractions resulting in 
apophysitis or avulsion injuries; and increased elasticity 
and resiliency of the metaphysis of long bones which, 
coupled with the thick periosteum typical of this age 
group, can result in greenstick or incomplete fractures 
[1,35,37,38]. Because of these differences, children and 
adolescents are more likely to injure bone or avulse an 
apophysis than to sprain a ligament or tear a muscle or 
tendon. However, it is also possible that the injury mech- 
anism may be of sufficient magnitude and orientation to 
sprain a ligament or tear a muscle or tendon. Notably, 
ACL reconstruction in younger patients with significant 
growth remaining carries a risk of growth plate injury 
and growth disruption [39]. 



Adolescent growth spurt 

The adolescent growth spurt appears to be a time of 
increased risk for sports injury. Some studies of the fre- 
quency of growth plate and other sports- and recreation- 
related injuries indicate an increased occurrence of injury 
during pubescence [40-42] and a noteworthy association 
between peak height velocity and peak fracture rate [43]. 
Peak adolescent fracture incidence at the distal end of the 
radius coincides with a decline in size-corrected bone 
mineral density (BMD) in both boys and girls. Peak gains 
in bone area preceded peak gains in bone mineral content 
(BMC) in a longitudinal sample of boys and girls, support- 
ing the theory that the dissociation between skeletal ex- 
pansion and skeletal mineralization results in a period of 
relative bone weakness [44]. Overuse or repetitive micro- 
trauma can strain the musculotendinous units which may 
also occur more frequently during growth spurts [37,45]. 

The results of recent research suggests that increased 
quadriceps strength, combined with increased knee lax- 
ity and no accompanying hamstring strength develop- 
ment during the adolescent growth spurt in girls, might 
contribute to a decrease in their knee joint stability dur- 
ing landing tasks. These musculoskeletal changes could 
potentially increase anterior cruciate ligament injury risk 
at a time of rapid height and lower limb growth [46]. 

Sensorimotor function is not fully mature by the time 
children reach adolescence and some mechanisms may 
actually regress during this period [47]. Deficits in a var- 
iety of these same sensorimotor mechanisms have been 
correlated with increased ACL injury risk [48-50]. Not- 
ably, three studies reported that neuromuscular control 
of knee motion and landing forces is significantly worse 
in females than in males during the transition from pre- 
pubertal to pubertal stages, with females showing regres- 
sions in control abilities [51-53]. 

Differences between biological and chronological age 

The structural, functional, and performance advantages 
of early-maturing boys in sports requiring size, strength, 
and power are well known. Children of the same chrono- 
logical age may vary considerably in biological maturity 
status, particularly during adolescence, and individual 
differences in maturity status influence growth and per- 
formance during this period [54]. Bone age, which can be 
determined using standardized radiographs of the wrist, is 
one of the ways to assess biological age. Bone age does re- 
flect the degree of maturity of the child, but it should be 
kept in mind that the appearance of bone can change be- 
tween various ethnic groups. 

Chronological age may add yet another dimension of 
individual variation, as most youth sports are categorized 
by chronological age. The fear is that an unbalanced com- 
petition between early- and late-maturing and/or older 
and younger boys in contact sports such as football and 
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wrestling contributes to at least some of the serious injur- 
ies in these sports. For example, in a study of injury inci- 
dence in elite French youth football players, late-maturing 
boys sustained a significantly greater incidence rate of 
major injuries than early-maturing boys [55]. There were 
also differences between maturity groups when patterns 
of injury location, type, severity and re-injury were 
analyzed [55]. 

Differential growth 

The normal growth pattern is nonlinear: differential 
growth of the body segments (head, trunk, and lower ex- 
tremities) occurs throughout growth and influences body 
proportions accordingly [54]. At birth, the relative con- 
tribution of head and trunk to total stature is highest, 
and this declines through childhood into adolescence. 
Thus, the child is characterized by a proportionately lar- 
ger head and trunk, and shorter legs compared with an 
adult. This "top-heavy" characteristic could predispose 
the young athlete to increased risk of injuries [35]. Al- 
though data are lacking it seems logical to presume, for 
example, that a young 'top-heavy' child would be at in- 
creased risk of falling in sports which involve riding on 
top of animals such as sheep (mutton-busting), camels 
(camel-racing), horses, or on top of various vehicles, in- 
cluding bicycles; or at increased risk of overuse injury in 
sport activities involving substantial running activity. 

Child and adolescent athletes may have a more pro- 
longed recovery and are more susceptible to concussion 
accompanied by catastrophic injury [5,10]. Children's 
greater head-to-body ratio and weaker neck muscles, 
combined with their relative nervous system immaturity, 
lesser myelinization, and thinner frontal and temporal 
bones, may predispose them to increased risk of head in- 
jury and concussion [56]. Concussion in the young athlete 
is also of specific concern because of their continuing cog- 
nitive maturation. Whereas the adult brain has achieved 
its operational skills for everyday life, the child's brain is 
still developing in areas of concentration, establishing 
memory patterns, reasoning, problem-solving, and other 
cognitive skills [56]. 

Diagnosis and management 

ACL Tear 

A focus on ACL injuries is important, as these injuries 
may increase the risk of osteoarthritis in the future [12]. 
The most common mechanism of ACL injury is a non- 
contact pivoting motion on a fixed foot or a trauma with 
the knee in hyperextension [57]. If a hemarthrosis de- 
velops within a few hours after the trauma in the ab- 
sence of a bony injury there is a 70% chance of ACL 
injury [58]. The examiner should assess gait and align- 
ment, range of motion, and assess the affected joint and 
compare it with the contralateral joint, taking into 



account that most children may have hyperlaxity which 
decreases with maturity [59]. Radiographs should be ex- 
amined for bony injuries. Magnetic resonance imaging 
(MRI) can be useful in very experienced hands [60], but 
may be no better than accurate clinical examination [60]. 

The management of ACL deficiency in skeletally mature 
children is still controversial, especially in terms of opera- 
tive timing and surgical technique [61]. Conservative 
management is not recommended, as it is accompanied 
by marked reduction in activity, decline in functional per- 
formance, and development of early osteoarthritis [62,63] . 
Historically, delayed anatomic ACL reconstructions were 
preferred [64], recommending extensive rehabilitation and 
return to activities with a brace to skeletal maturity and 
growth plate closure, to allow an anatomical adult-like re- 
construction [65]. The present trend favours early recon- 
struction, using either extra physeal techniques in very 
young athletes, or anatomical reconstruction technique 
placing the tibial and femoral tunnels close to the centre 
on the growth plate of the tibia and femur in young ath- 
letes closer to skeletal maturity. 

More anatomic physeal-sparing reconstruction tech- 
niques seems to be promising, but these techniques are 
technically challenging. Partial transphyseal techniques 
avoid the distal lateral femoral physis, providing more 
isometric tibial graft positioning and over the top recon- 
structions, provide excellent stability and return to 
sporting activities. Complete transphyseal ACL recon- 
struction is very similar to adult ACL reconstructions 
[66]. This procedure allows ideal tunnel placement and 
improves graft longevity and knee function, but the inci- 
dence of growth disturbance may increase, especially in 
very skeletally immature children [67-70]. 

In Tanner stage III or IV patients receiving transphyseal 
quadrupled hamstring autogenous ACL reconstruction, 
graft fixation to the femur with a suspension device and 
tibial fixation with interference screw have been promising 
[69]. Transphyseal reconstruction is recommended for pa- 
tients with Tanner II and III stages, but the evidence in 
Tanner stage I patients is insufficient [70]. 

In general, Tanner stage IV-V children are considered ad- 
olescents without substantial growth remaining, and can 
be treated like adults. Tanner stage III children are consid- 
ered "adolescents with substantial growth remaining" and 
a modified transphyseal reconstruction with soft tissue 
graft (hamstrings) small tunnels and avoiding fixatioin 
across the physis can be undertaken with little risk of phy- 
seal injury. Tanner stage I and II patients have significant 
growth remaining. In these children, management options 
are (1) brace and activity followed by delayed recon- 
struction when older; (2) extra-physeal reconstruction; or 
(3) partial/complete transphyseal, but this carries the risk 
of significant growth arrest. Complications of ACL recon- 
struction are rare, and most of the documented growth 
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complications are secondary to surgeon errors such 
as placement of a fixation device across a growth plate 
[71,72]. With careful attention to surgical technique, paedi- 
atric ACL reconstruction can be safe and effective. 

Concussion 

Any direct blow to the head/face or a blow to the body 
that transmits a force to the brain can cause a concus- 
sion [5]. Signs and symptoms of concussion can be sub- 
tle and easily overlooked. These may include headache, 
nausea, dizziness, difficulty concentrating or remember- 
ing, confusion and emotional lability. Younger children 
may present with even more subtle signs, such as ab- 
dominal pain or behavioral changes [73]. Symptoms 
typically last for 7-10 days [5], although they may be 
prolonged for weeks to months [74-76] . In younger chil- 
dren, recovery may take longer [77,78]. Cognitive se- 
quelae of concussion, including impaired memory, poor 
attention and lack of concentration, may negatively 
impact on a child's ability to learn and attend to school- 
work [74,75,78,79]. 

Management of concussions in pediatric athletes gen- 
erally adheres to adult guidelines outlined in the Zurich 
Consensus Statement [5], but should be more cautious 
[80,81]. Children and adolescents take longer than adults 
to recover after a concussion, which underscores the 
need for a more conservative approach to management 
and return to play [56]. Any child or adolescent sus- 
pected to have sustained a concussion should be imme- 
diately removed from play and not allowed to return 
until cleared by a physician [5,80,81]. A concussion can 
be evaluated on the sideline by a coach or athletic trainer 
using a concussion tool such as the SCAT3 or Child 
SCAT 3 [5,80,81]. Assessment should include a neuro- 
logical exam and assessment of attention and memory. 

A physician should evaluate any athlete who has sus- 
tained a concussion as soon as possible after the injury 
to ensure proper diagnosis. Diagnostic imaging, such as 
CT or MRI, is generally not required. 

Studies of concussion management in paediatric pa- 
tients are sparse. One study of high school and college 
student athletes found that cognitive and physical rest 
immediately after injury, as well as later during recovery, 
resulted in improved symptoms and increased perform- 
ance on computerized neuropsychological tests [82]. 

Consensus agreement is that rest, both physical and 
mental, is the keystone of concussion management [5,80]. 
Physical activities, including sports and exercise, and men- 
tal activities, including video games, TV, computer work, 
and reading, should be limited to allow symptoms to im- 
prove. Mental rest may require that a concussed athlete 
abstain from school or modify assignments/tests for a 
period of time to allow symptoms to decrease [5,81]. 
As symptoms improve, students can gradually increase 



cognitive tasks and social activities, including school, as 
long as symptoms are not exacerbated [5,83] . 

Return to learn is a vital component of concussion 
management in children and adolescents [84-86]. Mental 
rest can be challenging for students. Recovery may be 
prolonged if students participate in cognitive tasks that 
exacerbate symptoms, known as "cognitive overexertion" 
[84]. Students may need to abstain from school for a day 
or two until symptoms improve, and then gradually re- 
turn (e.g., attending half-days or only certain courses), 
until they are able to attend full-time without exacerbat- 
ing symptoms [75,81,84-86]. 

Students do not need to be symptom-free to return to 
school. However, students may require accommodation 
or modifications to their schedule to allow school par- 
ticipation without worsening symptoms [75,81,83,84,86]. 
Academic accommodations/modifications may include 
taking frequent breaks during the day, having a quiet 
area they can go to; shortened assignments, more time 
to complete assignments; limiting tests/exams to one 
per day, etc. [75,80,81,83,84,86]. Full return to academics 
must precede return to sports. If a prolonged absence 
from school (more than a couple of weeks) is necessary 
due to persistent symptoms, referral to a specialist with 
expertise in concussion, as well as a neuropsychologist, 
may be required. 

Return to play decisions for pediatric athletes follow- 
ing a concussion can be difficult. Because of the different 
physiological response and longer recovery after concus- 
sion during childhood and adolescence, a more conser- 
vative return to play approach is recommended [5,80]. 
No athlete should return to sport/activity until all symp- 
toms have resolved and medical clearance has been 
obtained. Pediatric athletes should be symptom-free 
for several days [80] prior to starting a gradual return to 
activity following a stepwise exertion protocol [5]. Each 
step should take a minimum of 24 hours [5,80,87]. If any 
symptoms return, the athlete should rest until symptoms 
resolve and then try going back to the previous asymp- 
tomatic step and be reassessed by a physician. 

Specific factors may require modification of concus- 
sion management [5]. These modifying factors may in- 
clude medications; a history of multiple prior concussions; 
younger age; and co-morbid conditions such as mental ill- 
ness, attention deficit hyperactivity disorder, headache dis- 
order, and learning disabilities. The presence of modifying 
factors may predict the potential for prolonged recovery 
and require additional management considerations, in- 
cluding formal neuropsychological testing and diagnostic 
imaging [5]. 

Governments are becoming increasingly cognizant of 
the importance of concussion awareness and are taking 
steps to improve concussion education. In the United 
States, the Lystedt Law was passed in 2009 recommending 
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concussion education for athletes, parents and coaches 
[88]. In Canada, the Ontario Ministry of Education has 
mandated that all school boards in the province develop 
and enforce concussion policies [89]. 

Physeal injury 

Disturbed physeal growth as a result of acute growth 
plate injury can result in limb length discrepancy, angu- 
lar deformity, or altered joint mechanics [90]. Osteoarth- 
ritis may result from chondral damage at the time of 
growth plate injury, articular incongruity, or joint mala- 
lignment [91,92]. 

Epiphyseal injury may present with persistent or severe 
pain, visible deformity, or an inability to move or put 
pressure on a limb [93,94]. Swelling near a joint with 
focal tenderness over the physis may also be present. 
Lower extremity injuries may present as an inability to 
bear weight on the injured side; upper extremity injuries 
present with complaints of impaired function and reduced 
range of motion [95]. X-rays are typically used to deter- 
mine whether a growth plate fracture has occurred. How- 
ever, other diagnostic tests such as magnetic resonance 
imaging (MRI) or ultrasound, are also useful [96,97] . 

Management of acute epiphyseal plate injury depends 
on type of fracture. The system most widely used to de- 
scribe acute growth plate injuries was developed by Salter 
and Harris (SH) and includes five types of injury [98]. 
In minimally displaced SH I and II injuries only symp- 
tomatic treatment may be necessary. However, if there is a 
wide displacement manipulation under anaesthesia with 
immobilization is indicated. The child is instructed to 
limit activities that impose pressure on the injured area. 
These injury types may be associated with growth impair- 
ment [99]. SH III and IV injuries are intraarticular, and 
operative anatomical reduction most often with internal 
fixation is necessary depending on patient age, fracture lo- 
cation, intra-articular displacement, and angulation. In 
these instances, the child needs to be followed up to skel- 
etal maturity. Sometimes a growth arrest line may appear 
as a marker of the injury. SH V physeal injuries often 
result in partial or complete growth arrest. As a result, 
physeal bar resection may be required or other surgical 
procedures may be necessary to prevent or correct 
deformity [100]. 

Young athletes are also vulnerable to stress-related phy- 
seal injuries [6]. Symptoms of chronic epiphyseal plate 
injuries include pain on weight-bearing and decreased 
function. These injuries may not show evidence of abnor- 
malities during early radiographs; however, growth arrest 
and/or angular malalignment may follow. 

Physeal stress injuries are thought to develop when re- 
petitive loading of the extremity disrupts metaphyseal 
perfusion which in turn inhibits ossification of the chon- 
drocytes in the zone of provisional calcification [101]. 



The hypertrophic zone continues to widen as the chon- 
drocytes continue to transition from the germinal layer 
to the proliferative zone [102]. Widening of the physis 
may be seen radiographically, whereas physeal cartilage 
extension into the metaphysis has been shown with 
magnetic resonance imaging [102,103]. 

Treatment for physeal stress injury is straightforward: 
rest from loading of the extremity [6,11,101]. However, 
in cases involving growth disturbance, corrective surgery 
may be required [29,30]. 

Physeal injury may also arise from ACL surgery. The 
current literature now supports the trend toward early op- 
erative treatment of ACL injury to restore knee stability 
and prevent progressive meniscal and/or articular cartilage 
damage, but the optimal approach to ACL reconstruction 
in this age group remains controversial [104]. Despite the 
reported clinical success of transphyseal reconstruction, 
iatrogenic growth disturbance secondary to physeal dam- 
age remains a genuine concern [104]. 

Injury prevention 

ACL injury, concussion, and growth plate injury may 
cause significant discomfort and disability. Unfortunately, 
these injuries may also result temporarily or even per- 
manently in reduced levels of physical activity, thus neg- 
ating the potential benefits of sports participation for 
children and adolescents. Although it is impossible to 
eliminate these injuries, attempts to reduce them are obvi- 
ously warranted. Unfortunately, the level of evidence re- 
garding the prevention of these injuries is quite variable. 
Whereas, there has been considerable research to test pre- 
ventive measures for ACL injury, there is a dearth of data 
available related to the prevention of concussion and phy- 
seal injury. 

ACL injury 

Preliminary data reveal that integrative neuromuscular 
training protocols implemented in pre-adolescent and 
early adolescent stages may artificially induce the neuro- 
muscular spurt [105,106] and have the potential to re- 
duce the risk of sports-related injury in young athlete 
[105-107]. Noyes & Barber- Westin [108] conducted a 
systematic review of studies which attempted to prevent 
ACL injuries in female athletes under the age of 19 years. 
Only 8 studies met inclusion criteria and of these, only 
three ACL intervention programs (Sportsmetrics, Pre- 
vent Injury and Enhance Performance, and Knee Injury 
Prevention) successfully reduced noncontact ACL injury 
incidence rates in female adolescent athletes. Ladenhauf 
et al. [109] recommend that young athletes should be 
encouraged to partake in preseason training programs 
focused on strengthening, neuromuscular and proprio- 
ceptive training units under the appropriate supervision 
of qualified personnel [109]. 
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Concussion 

Surprisingly, little research has tested interventions spe- 
cifically related to concussion prevention. Modification 
of sporting rules, including padding of soccer posts and 
banning of spearing in American football have reduced 
concussive injuries [73]. There is also evidence that hel- 
met use reduces head injury risk in skiing, snowboarding 
and bicycling, but the effect on concussion risk is incon- 
clusive [110]. It is important to recognize that helmets 
are not concussion-proof [80,81]. 

Elimination of checking in youth hockey has also been 
shown to reduce the frequency of concussions [111]. For 
example, comparison of hockey leagues in Canada for 
11-12 year old players finds that compared with leagues 
that do not allow body checking, those that do have an 
associated 3-fold increased risk of game-related injuries, 
including severe injuries and severe concussions [111]. 

Research indicates knowledge regarding concussion 
among youth sports coaches and athletes is limited 
[112,113], and that nearly half of concussions that occur 
each year go unreported [10]. Education programs de- 
signed to increase awareness of concussive symptoms 
are believed to reduce the incidence and reoccurrence of 
concussions, but have not been tested [56]. It is believed 
that concussion education initiatives should focus on 
improving attitudes and beliefs among athletes, coaches 
and parents to promote better care-seeking behaviors 
among young athletes [114]. Notably, three years after 
the passage of a concussion law in Washington State in 
the United States, high school football and soccer coa- 
ches are receiving substantial concussion education and 
have good concussion knowledge [88]. 

Coaches, athletic trainers, parents and athletes and any- 
one involved in youth sports should be educated about 
concussion and how to recognize and manage concus- 
sions. Encouraging fair play, respect for opponents and 
eliminating violence can help reduce the incidence of con- 
cussions. In addition, advising children to participate in 
non-contact sports, such as volleyball and swimming, or 
in non-contact leagues may also reduce concussions [80]. 

Physeal injury 

Given the frequency of growth plate injury it is also sur- 
prising that little research has tested interventions spe- 
cifically related to physeal injury prevention, including 
both acute and overuse injury. However, several prevent- 
ive measures are worthy of consideration [6]. First, given 
the elevated susceptibility of the growth plate to injury 
during pubescence, coaches should reduce training loads 
and delay skill progressions for young athletes experien- 
cing periods of rapid growth. Second, coaches should 
utilize a variety of drills or activities during practice to 
avoid excessively repetitive movements that may result 
in physeal overuse injury. Emphasis should be on quality 



and individualization of workouts rather than training 
volume. There should also be avoidance of single sports 
and year round sports prior to skeletal maturity, multi- 
game tournaments, and mandatory months off for re- 
covery. Finally, clinicians need to educate parents and 
coaches as to the existence of overuse physeal injury and 
the need for rest to ensure proper recovery and return 
to sport participation. 

Conclusion 

The increased organized sports involvement of children 
from an early age, against a background of their unique 
characteristics and vulnerability to injury, raises concern 
about the risk and severity of sports-related injury in this 
population. Three types of injury- ACL tear, concussion, 
and physeal injury (both acute and overuse)-have become 
the focus of much recent attention due to their frequency, 
potential for adverse long-term health outcomes, and the 
financial burden of medical care. This paper provides an 
up-to-date review of current concepts and developments 
related to the epidemiology, diagnosis, management and 
prevention of these injuries. 
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